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Introduction
Increasing turbine inlet temperatures allow improved turbine engine efficiency, which can decrease fuel consumption and increase performance in aerospace propulsion applications. However, this results in higher disk rim temperatures in some projections (ref. 1) . As disk rim temperatures approach 700 °C, salt contaminants from intake air, engine components, and combustion could melt. The liquid salt mixture could then attack such disk surfaces. Type II hot corrosion mechanisms, in which the protective oxide formed on superalloys is locally reduced by the salt and rendered nonprotective (ref. 2) , could then form hot corrosion pits.
Much of the published hot corrosion and associated oxidation studies of gas turbine engine materials have focused on turbine blade, vane, and combustor materials at high temperatures of 800 to 1000 °C (refs. 3 and 4). These components are often limited by high temperature creep or thermal fatigue, due to these high temperatures. However, material consumption and pits produced by hot corrosion attack can reduce their expected life. Turbine rotor disks, interstage rings, and seals have been designed for high strength, fatigue, creep, and oxidation resistance at lower temperatures up to 700 °C. The "disk" superalloys employed here are often limited by fatigue due to the very high centrifugal forces exerted by rotation of these parts, attendant turbine blades, and other attached hardware. Relatively few studies have been published on the effects of hot corrosion pitting damage on disk superalloy durability. However, pits produced by a plating process were definitively shown to initiate fatigue cracks and limit fatigue life of a cast and wrought disk superalloy Inconel 718 (ref. 5). More recent work (ref. 6 ) has shown that pits produced by hot corrosion can form on a newer, powder metallurgy disk superalloy RR1000, potentially lowering fatigue life.
The affects of corrosion pits on fatigue life have been studied closely in various other alloys (refs. 7 to 9). In this work, fatigue crack initiation at pits has often been considered to occur very early in fatigue life. Fatigue life modeling of pitted materials has therefore often been concentrated on fatigue crack growth, using initial crack dimensions of the pit cross section. However, such assumptions would need to be verified before application to pitted superalloy disks.
The objective of this study was to determine effects of hot corrosion on low cycle fatigue life and failure modes of ME3 disk superalloy. Low cycle fatigue specimens were machined from several disks, subjected to hot corrosion exposures, then tested at low and high temperatures. Fatigue lives and failure initiation points were compared to those of specimens without corrosion exposures. Several tests were interrupted to estimate the fractions of fatigue life at which fatigue cracks initiate at pits.
Material and Procedures
A recently developed powder metallurgy disk superalloy ME3, also sometimes referred to as Rene 104 and ME16 (refs. 10 to 12), was argon atomized, consolidated, hot compacted, extruded and isothermally forged into disks approximately 61 cm diameter with a 5 cm maximum thickness. The disks were then supersolvus solution heat treated, and given aging heat treatments (ref. 13) . Cylindrical low cycle fatigue specimens were machined having a gage diameter of 10.2 mm and gage length of 19 mm, with a low stress ground and polished finish. A subset of specimens was shot peened. A mixture of sulfurcontaining salts was then applied to the middle of the gage sections for a group of these specimens. They were then exposed in air at 704 °C for 8 and 24 h within a resistance heating furnace in order to produce accelerated hot corrosion damage. This corrosion treatment was not intended to exactly reproduce the make-up of contaminants from a particular instance of engine service or to simulate actual temperaturetime conditions for a turbine disk location. Instead, the treatment was intended to rapidly produce hot corrosion attack in the form of pits, in order to assess the potential effects of pits on fatigue life.
Low cycle fatigue tests were performed in a servo-hydraulic test system, with specimen heating by a direct induction system and specimen strain measured by an axial extensometer. Tests were initiated with strain controlled using a triangular waveform at a frequency of 0.33 Hz. These tests were performed at 204 °C with a strain range of 0.5 percent, and at 704 °C with a strain range of 0.75 percent. The ratio of minimum over maximum strain (R) was maintained at 0 for both cases. Tests surviving beyond 24 h were interrupted, and then continued to failure with load controlled using a triangular waveform at a frequency of 5 Hz. The load levels here were adjusted for each test to maintain the same maximum and minimum stresses immediately prior to test interruption. All tests were run to failure, although several tests were periodically interrupted before failure to determine when the onset of surface fatigue crack initiations occurred in tests. Five tests were performed at each temperature for each condition to estimate mean fatigue life: as-machined with a low stress ground finish (LSG), low stress ground and subsequently shotpeened (SP), LSG then corroded 8 h (LSG+8h), LSG then corroded 24 h (LSG+24h), SP then corroded 8h (SP+8h), and SP then corroded 24 h (SP+24h). Fractography was performed to quantify failure initiation sites on all specimens, using a JEOL 6100 scanning electron microscope (SEM). Several longitudinal sections of failed specimens were metallographically prepared and examined using optical and scanning electron microscopes, and a JEOL JXA-8200 scanning electron microprobe.
The depth, width, and cross sectional area of each pit initiating a fatigue crack on the fracture surface of each specimen were determined and compared. Subsequently, these dimensions were grouped by test condition and ranked, to estimate cumulative probability of fatigue cracking versus pit depth, width, and cross-sectional area. Cumulative probabilities of crack occurrence versus pit dimensions were assessed using SuperSMITH(R) Weibull software of Fulton Findings, LLC. Two different statistical distribution assumptions were evaluated and fit by rank regression: log normal and 3 parameter Weibull distributions. In the log normal distribution, the natural logarithm of each dimension (x) was regressed to estimate a mean value (μ) and standard deviation (σ), then employed in the following cumulative distribution function:
In the 3 parameter Weibull distribution (ref. 14) , the data was regressed to determine a Weibull slope (β), characteristic value (η), and offset (t o ) that was used in the cumulative distribution function:
Note that a fitted Weibull distribution can approximate other distribution functions, including the normal, exponential, Rayleigh, and some Poisson and Binomial distributions (ref. 15 ). Goodness of fit was assessed using the coefficient of determination adjusted for the number of estimated parameters, (R 2 adj ), where a value of 0.50 indicates 50 percent of the response variation is attributable to the variables and a value of 1.0 indicates 100 percent of the response variation is attributable to the variables. Other statistics generated in the SuperSMITH software were also sometimes used to further assess fit.
For estimation of residual stress and cold work in the shot peened specimens before and after corrosion exposures, the gage section of one untested, shot peened fatigue specimen was sliced transversely to produce several cylindrical gage segments. One segment was retained in this state, while other segments were exposed in a resistance heating furnace at 704 °C for times of 8 and 24 h. Residual stress and cold work at the surface were subsequently measured by X-ray diffraction in the loading direction at six points spaced 30° apart circling around the segment perimeter. Residual stress and cold work were then determined as functions of depth at one of these locations on each segment, by sequentially electro-polishing material away of known thickness and performing X-ray measurements. All surface measurements were then corrected for the near-surface stress gradient, using the corresponding depth profile of the appropriate specimen. The X-ray measurements were performed at Lambda Technologies, Inc., Cincinnati, Ohio, using the two-angle sine-squared-psi technique, in accordance with SAE HS-784. Diffraction of manganese K-alpha radiation by the (311) planes was performed, to determine peak intensity, breadth, and angular position (ref. 16 ).
Results and Discussion

Material
Typical microstructures from the test material are shown in figure 1 (ref. 13 ). The material ranged in average grain size from 25 to 34 μm, and as-large-as grain size of 90 to 170 μm. Mean diameters for secondary gamma prime precipitates ranged from 0.19 to 0.33 μm, and for tertiary gamma prime precipitates ranged from 18 to 39 nm. These differences in specimen microstructure were due to varying prior location of specimens from within disks which had been given intentionally varied solution quench heat treatments (ref. 13) . Specimens for each test condition were selected from multiple disks and locations to span this range of microstructure, and associated mechanical response.
Fatigue specimen surfaces after the hot corrosion exposures are shown in figure 2 . The salt mixture, applied in a ring around the middle of the gage section, melted at 704 °C and caused pits to form within and along the edges of this ring. The 8 h corrosion exposure produced fewer, usually separated pits that were near hemispherical in profile, as indicated by the arrows. The 24 h exposure produced a higher density of pits, which were sometimes joined together along the ring edges, also indicated. The range of pit morphologies captured by 8 and 24 h exposures allowed determination of how variations in pit characteristics influence fatigue life.
Oxide layers were sometimes retained within and over pits, but in other cases the oxide layers spalled, to openly expose the pits. Open pits are shown at higher magnification in the SEM image of figure 3. The delineation of grain boundaries in the open pit of figure 3 indicates localized corrosion attack at the grain boundaries occurred within these pits. This was easily observed in some, though not all pits.
A cross section containing a pit with the oxide layers still attached is shown in figure 4 , from a metallographically prepared section of a specimen. This pit section was analyzed using a scanning electron microprobe, and the major oxide layers in the pit are identified in the figure. Outer porous layers of nickel and cobalt oxide covered entrapped salt particles. Within these outer layers were very fine alternating layers of chromium, aluminum, titanium, and nickel oxides. CrS was present at the inner most layer of attack in the pit. This damage was consistent with a hot corrosion attack mechanism whereby the molten salt breaks downs the chromium and aluminum oxides, rendering them nonprotective and allowing sulfur penetration and attack of the substrate to form CrS at the corrosion front (ref. 2).
Fatigue Life Response
The lives of low cycle fatigue tests performed at 204 and 704 °C are tabulated in table 1 Shot peening of specimens increased mean life for all conditions, but by varying degrees. The positive effect of shot peening was most pronounced for specimens tested at 204 °C after 8 h corrosion exposure. As shown in figure 5, whereas the mean fatigue life of the unpeened specimens tested at these conditions was reduced by over 50 percent, the shot peened specimens given the same 8 h exposure showed equivalent mean life to the unexposed specimens. However, for the specimens given 24 h of corrosion exposure and tested at 204 °C, shot peening was not able to compensate for the corrosion damage and accordingly the SP+24h fatigue life was considerably shorter than for the unexposed specimens. For tests at 704 °C after both corrosion times, shot peening did not negate the effects of subsequent hot corrosion on mean fatigue life. The power law relationship with corrosion time was less applicable here.
Residual Stress Response
The variation in benefits of shot peening on life could be due in part to the evolution of associated residual stress and cold work during corrosion treatments and fatigue testing. Therefore, axial residual stress and cold work were determined by X-ray diffraction on sections from an untested shot peened specimen given exposure times of 0, 8, and 24 h at 704 °C. Mean residual stress and cold work at the surface are compared as functions of exposure in figures 6 and 7. Mean compressive residual stress (CRS) strongly decreased in magnitude with just 8 h exposure at 704 °C, while further exposure to 24 h produced only a small additional decrease in residual stresses, according to the power law relationship shown below: CRS=794.5 t 0.1755 (5) Cold work magnitude similarly decreased with exposure time. Corresponding plots of residual stress and cold work versus depth are compared for the three conditions in figure 7 . Maximum compressive residual stress occurred beneath the surface, with the magnitude of the maximum compressive stress also decreased in magnitude with increasing exposure time. The depth of compressive residual stresses and cold work remained about 0.1 mm (100 μm).
Mean compressive residual stresses at the surface versus mean log(life) of shot peened specimens are shown in figure 8 . The reductions of beneficial compressive residual stress with exposure time were often associated with reductions in mean fatigue life of shot peened specimens, but not consistently. A corrosion time of 8 h at 704 °C strongly reduced compressive residual stress by 57 percent, where the accompanying mean fatigue life was reduced by 86 percent. However, continuing exposure to 24 h further decreased compressive residual stress by only 6 percent, while further decreasing fatigue life 73 percent, a very significant reduction. This lack of consistent time dependence was even more evident in fatigue tests at 204 °C, where mean life was unchanged after 8 h corrosion, but dropped after 24 h corrosion by 70 percent.
The differences in residual stress-mean fatigue life relationships at the two test temperatures could be due in part to the influences of cyclic loading on these compressive residual stresses. Cyclic plastic flow during initial fatigue cycling at both test temperatures may reduce compressive residual stresses near the surface. Additional time-dependent relaxation of compressive residual stresses near the surface of shot peened specimens could occur due at the high 704 °C test temperature (ref. 12) with continued fatigue cycling at 704 °C. These factors appeared to often reduce the ability of compressive surface residual stresses from shot peening to suppress crack initiations at the specimen's surface pits for improved life, as will be subsequently shown.
Fatigue Failure Modes
The failure initiation sites were identified for all specimens, with typical results compared in figure 9 . Failures for specimens not corroded occurred at relatively large grains, which failed on crystallographic planes. Such failures are often termed "facet" grain failures, and are commonly observed in ME3 (ref. 17) . Some of these failures were at or near the specimen surfaces, while others were internal and away from the surface. Failures of most corroded specimens initiated from hot corrosion pits at the specimen surface. For specimens tested at 204 °C, failures usually initiated at grain facets along the pits. In corroded specimens tested at 704 °C, cracks initiated along grain boundaries connected to the pit surfaces. Multiple failure initiation sites were present for specimens corroded 24 h, while fewer or even single failure initiation sites were present for specimens corroded 8 h. These results consistently applied for all corroded specimens having large reductions in life from the baselines.
However, the failure mode shifted for most, though not all, SP+8h corroded specimens tested at 204 °C, which had no reduction in mean life. For this one case, cracks initiated at internal grain facets rather than at surface pits to cause failure in four out of five of the SP+8h specimens, giving no reductions in mean life. The remaining specimen had cracks initiated both from an internal grain facet and at two surface pits ( fig. 10) , and lower resulting life. Thus for the SP+8h condition with tests conducted at 204 °C, compressive residual stresses produced by shot peening were apparently sufficient to mostly suppress fatigue cracking at surface pits, which greatly benefited fatigue life. Yet, in all other SP+8,24h test conditions, the compressive residual stresses were apparently reduced by plastic flow and timedependent stress relaxation sufficiently to still allow fatigue cracking at the pits, with large reductions in life.
Several fatigue tests were interrupted at cycling intervals, in order to study the onset of crack initiation and assess the mechanisms of crack initiation and propagation at pits. Typical pits on the surfaces of LSG+24h specimens are shown fatigue cycles at 204 and 704 °C in figure 11 , with the load direction oriented vertically. Specimens tested at 204 °C did not have identifiable fatigue cracks within the pits when first interrupted at 250 cycles. However, specimens tested at 704 °C for only 250 cycles already had cracks present, with the cracks initiated along grain boundaries nearly normal to the loading axis, figure 11(b) . Multiple cracks initiated along grain boundaries within the corrosion pits very early in tests at 704 °C, which coalesced and grew for the remaining large majority of life to cause failure. In the case of tests at 204 °C, the first cracks were not detected until approximately 1/3 to 1/2 of life was consumed for each corroded condition, e.g., at least 10,000 cycles for the LSG+24h case. In contrast to the 704 °C tests, the crack initiation within the corrosion pits at 204 °C was transgranular with the cracks appearing on apparent crystallographic facets as shown in figure 11(a) . This indicated a substantial portion of fatigue life was consumed in the process of fatigue crack initiation at 204 °C. Conversely, most of the fatigue life at 704 °C was apparently taken up in propagation of fatigue cracks, initiated very early in life, at grain boundaries often attacked and weakened by corrosion in the pits (fig. 3) . This is consistent with the greater reductions in life observed for corroded specimens tested at 704 °C.
The dimensions of pits initiating identifiable fatigue cracks were measured on the fracture surface of each specimen. Pit depth (d) and width (w) were measured for each initiation site as shown in figure 10 , for approximately 3 to 15 initiation sites present on each fracture surface. Pits which caused fatigue cracks had depths of 21 to 100 μm and widths of 71 μm to 4.56 mm. The very large widths sometimes observed were due to the linking of some corrosion pits in the width direction along the edge of the melted salt ring, as evident in figure 2 .
Fatigue damage often first initiates cracks at the largest defects. Therefore, the largest pit depth, width, and cross sectional area measured of the cracked pits on each fracture surface were first evaluated. Maximum pit dimensions were first compared versus corrosion time, as exemplified in the plot of maximum pit depth for specimens tested at 204 and 704 °C versus corrosion time in figure 12 and are summarized in table 2. Maximum pit depth, width, and area all increased significantly with corrosion time. However, there was substantial overlap in values across time in most cases. These maximum pit dimensions are compared versus fatigue lives for each specimen in figure 13 and are summarized in table 3. An increase of each pit dimension significantly decreased fatigue life. This is in agreement with previous work where fatigue life was related to pit depth (refs. 5 and 7). The different pit dimensions were cross-correlated with specimen life, in that lower specimen life occurred in specimens having larger pit depth, width, and area. So step-wise multiple linear regression could not be used to determine the best predictors and most influential dimensions. However, comparison of the coefficients of determination for each separately regressed dimension indicated pit cross sectional area usually correlated with life better than either pit depth or width.
The above correlations of increasing fatigue life with decreasing pit size suggest a "critical" pit size could exist below which no fatigue cracks initiate to cause premature failure. Pits of a relatively wide range of sizes were intentionally produced, and many were found to initiate fatigue cracks on the fracture surfaces. Therefore, cumulative probabilities for cracking at pits could be estimated, versus ranked dimensions of all pits initiating cracks on the fracture surfaces of all specimens. Critical values of pit depth, width, and area having minimum (P = 0.001) probabilities of initiating fatigue cracks were thereby estimated, and are tabulated in table 4. In this evaluation, both log normal and three parameter Weibull distribution assumptions were found to give good fits, figure 14 .
Pit depth was found to give better correlations than other pit dimensions using both log normal and three parameter Weibull equations, table 3, and figure 14. Coefficients of determination were well above 0.90 for all conditions using pit depth. Pit area had similar, satisfactory correlations for fatigue specimens tested at 204 °C, but somewhat lower values for those tested at 704 °C. This appeared related to several outlier width and area values in each case. These high outlier values were from corrosion pits linked in the width direction along the edge of the melted salt mixture, as seen in figure 2. These joined pits perturbed the curve fits, but were nevertheless important based on their demonstrated influences on life, figure 13 . They contributed to the curvature in the Weibull plots, which required fits using the three parameter curved Weibull equation rather than the two parameter straight Weibull equation, where the offset value t o is held at zero. Pit width gave mixed, intermediate results, with high width values again producing curvature in both log normal and Weibull plots.
As summarized in table 4, "critical" pit depths of 16 to 20 μm were estimated to have a minimum probability of P = 0.001 for initiating cracks in LSG+8,24h specimens tested at 204 and 704 °C. For SP+8,24h specimens, the estimated critical pit depth increased to 24 to 35 μm. Critical widths and areas also increased in the low stress ground specimens compared to the shot peened specimens at each test temperature. Selection of the log normal distribution assumption usually gave lower critical pit dimension estimates, which could be considered more conservative. However, the three parameter Weibull fits often did a better job modeling curvature in the size distributions, with more accurate capture of minimum experimental values. So overall critical limits for pit depth, width, and area were estimated from the three parameter Weibull fits, and are shown in figures 15 and 16. Overall critical values for pit depth of 18 μm, width of 63 μm, and cross sectional area of 800 μm 2 are suggested here, with no benefits credited for shot peening. Note that these values are not exactly self-consistent, as a pit having an area of 800 μm 2 and depth of 18 μm could have a width of no more that 57 μm to avoid potential cracking. Conversely, a pit having an area of 800 μm 2 and width of 63 μm could have a depth of no more that 16 μm to avoid potential cracking. This lack of exact self-consistency can be attributed to residual errors in the regressions and their estimates of critical pit dimensions, as well as elliptical approximations of pit shape.
In figure 16 , plots of width versus depth are shown for all pits initiating cracks in all corroded specimens. These pits all had aspect ratios (depth/width) less than 0.5, the value corresponding to a hemisphere. Smaller pits had aspect ratios approaching this value. This pit shape appeared to be an inherent characteristic of many pits that cracked. Some of the low observed pit aspect ratios were due to the joining of pits along the corrosion ring. Windows of pit depth and width dimensions estimated to have minimal potential for cracking are indicated. However, such estimates are preliminary, and need to be updated as tests at other fatigue conditions are conducted and analyzed.
While maximum pit cross sectional area correlated better with fatigue life than depth or width, a more important aspect may be the concentrated cyclic stresses and strains generated at each pit as functions of its dimensions and the test conditions. As a first step in this direction, a three-dimensional elastic finite element model was used to assess the effects of pit shape on stress concentration. The elastic stress concentration produced by a hemispherical pit with a depth/width aspect ratio of 0.5 was compared to that of a pit extended in one direction by 100 percent, producing an ellipsoid having an aspect ratio of 0.25. The single extended axis of the ellipsoid was oriented normal to the loading direction and parallel to the surface (NP), normal to the loading direction and normal to the surface (NN), and parallel to the loading direction (P). The elastic stress concentration of the hemispherical pit was estimated to be 2.0. For the ellipsoidal pit, the stress concentration was dependent on pit orientation. The P pit had a lower stress concentration of 1.4, while the NP and NN pits had higher stress concentrations of 2.5 to 2.6. These concentrated stresses would be limited by plastic flow at the pits when exceeding the yield stress, which is possible in the present fatigue tests. But this would result in more plastic deformation and consumption of ductility for pits having higher elastic stress concentrations. Overall, the elastic model results do signify that pit morphology and orientation do influence the concentrated stresses and strains generated at a pit, and that extended, wide pits could have higher stresses and resulting propensity for cracking than hemispherical pits at a constant depth, supporting the results in figure 16 .
Note that the finite element modeling of small pits on the surface of large cross sections did not indicate a strong dependence of stress concentration on pit depth. However, the stress intensities of surface cracks having profiles similar to these pits are well-known to increase with depth (ref. 18 ). The strong relationships of probability for cracking with pit depth in figure 14 indicate this depth dependence for crack propagation is also an important consideration operative here. However, in the present case, a surface crack at a pit would be growing through the concentrated stress field generated by the pit.
Further analyses of the concentrated stresses and strains at pits are still required. These parameters drive crack initiation at pits, and then influence stress intensity along a pit front which drive crack propagation, determining total fatigue cycles to specimen failure. This would also allow considerations of actual cyclic stress range and maximum stress generated during each fatigue test. While the tests were performed at a constant cyclic strain range and strain ratio for each temperature, stress range and maximum stress slightly varied in each test specimen. This could be attributed to differences in specimen mechanical response rooted in varying microstructure ( fig. 1 ), due to varying prior location of specimens from within disks given different solution heat treatment quenches (ref. 13) . The effects of cyclic stress variations on observed fatigue life were analyzed and found to be insignificant in most cases. Nevertheless, estimation of concentrated stresses and strains at pits with inclusion of these effects would help identify critical pit stress parameters, refine the estimated critical pit dimensions, and allow their extension to other, untested fatigue conditions.
Further analyses of the concentrated stresses and strains at pits could also help support application of surface enhancement processes including conventional shot peening, laser shock peening, and low plasticity burnishing to better suppress fatigue cracking at pits. The effects of temperature and time exposures during service on their generated compressive residual stresses and cold work could then be screened. But the effects of the eventual magnitudes and depths of compressive residual stresses and cold work on the local concentrated stresses and strains at pits might be more important determinants of fatigue cracking there, and could be considered.
Summary of Results
The effects of hot corrosion pits on low cycle fatigue life and failure modes of powder metallurgy disk superalloy ME3 were examined. Low cycle fatigue specimens were machined from several disks, in some cases shot peened, and subjected to accelerated hot corrosion exposures in order to produce corrosion pits. The specimens were then tested at 204 and 704 °C in low cycle fatigue. Fatigue lives and failure initiation mechanisms were compared to those of specimens without corrosion exposures.
Prior corrosion exposures produced pits that reduced fatigue life 60 to 98 percent, by encouraging early preferential fatigue cracking at these pits. Shot peening mitigated effects of light corrosion for fatigue tests at 204 °C, but not of heavy corrosion on fatigue life at either test temperature. Critical pit sizes were estimated, based on measurements of all pits initiating cracks on fracture surfaces.
Conclusions
Hot corrosion pitting can occur for disk superalloys having salt deposits and exposures near 704 °C. These pits can significantly reduce low cycle fatigue life at low and high temperatures. Shot peening can induce near-surface compressive residual stresses which appear able in some cases to mitigate the effects of corrosion pits on fatigue life. However, both longer corrosion time and fatigue at high temperatures can still produce large reductions in fatigue life for shot peened specimens, due to fatigue cracking at corrosion pits. Increasing pit dimensions significantly influence the probability for fatigue crack initiation and resulting fatigue lives for the test conditions evaluated. Critical pit dimensions can therefore be estimated for fatigue cracking at pits in these test conditions.
Further work is necessary to better understand the effects of hot corrosion pits on fatigue life. Fatigue tests need to be performed at other strain conditions and temperatures, to determine critical pit values as functions of these variables. Additional interrupted tests are needed to further quantify and separate crack initiation and propagation processes. Further modeling will be needed of the stress and strain concentrations produced by various pit morphologies, to determine if local critical stress and strain conditions are required for fatigue crack initiation there. Modeling of the crack driving force along the complex geometries of pit fronts will be needed, to see if a threshold exists for crack growth and to determine crack growth rate curves. Additional corrosion exposures for shorter times would be helpful, to generate even smaller, more widely separated pits for determination of their influences on fatigue crack initiation and growth. Subsequently, carefully varied fatigue tests of variously corroded specimens could be used to independently verify the critical pit considerations described above.
Optimized surface enhancement processes such as shot peening, laser shock peening, and low plasticity burnishing may still have some potential to produce sufficient, stable compressive residual stresses to suppress fatigue cracking at corrosion pits. However, environmental barrier coatings may ultimately be needed in some cases, to prevent pit formation by isolating any corrosive salts from superalloy surfaces. 
